P-glycoprotein (P-gp) can induce multidrug resistance (MDR) through the ATP-dependent efflux of chemotherapeutic agents. We have previously shown that P-gp can inhibit nondrug apoptotic stimuli by suppressing the activation of caspases. To determine if this additional activity is functionally linked to ATP hydrolysis, we expressed wild-type and ATPase-mutant P-gp and showed that cells expressing mutant P-gp could not efflux chemotherapeutic drugs but remained relatively resistant to apoptosis. CEM lymphoma cells expressing mutant P-gp treated with vincristine showed a decrease in the fraction of cells with apoptotic morphology, cytochrome c release from the mitochondria and suppression of caspase activation, yet still accumulated in mitosis and showed a loss of clonogenic potential. The loss of clonogenicity in vincristine-treated cells expressing mutant P-gp was associated with accumulation of cells in mitosis and the presence of multinucleated cells consistent with mitotic catastrophe. The antiapoptotic effect of mutant P-gp was not affected by antibodies that inhibit the efflux function of the protein. These data are consistent with a dual activity model for P-gp-induced MDR involving both ATPasedependent drug efflux and ATPase-independent inhibition of apoptosis. The structure-function analyses described herein provide novel insight into the mechanisms of action of P-gp in mediating MDR.
Introduction
Multidrug resistance (MDR) is a well-defined phenomenon of cross-resistance of tumor cells to a number of anticancer agents following exposure to one such drug. 1 MDR is often associated with the expression of P-glycoprotein (P-gp), a membrane-bound protein comprising 12 transmembrane domains, two ATP binding/hydrolysis sites and a phosphorylated linker region, that can efflux a range of structurally and functionally diverse compounds.
1 P-gp is expressed at the apical membranes of the liver, kidney and gut, and at the blood-brain and blood-testis barriers, 2, 3 which suggests a physiological role for P-gp in protecting vital organs from xenotoxic agents. Cancers arising from these tissues are often intrinsically resistant to various chemotherapeutic regimes, possibly due to the functional expression of P-gp. However, P-gp is also constitutively expressed on hemopoietic stem cells, natural killer (NK) cells, antigen-presenting dendritic cells (DC) and T-and B lymphocytes 4 and its function on these cells remains unclear.
Transfection studies have clearly shown that overexpression of P-gp can confer MDR 5 and a number of models have been proposed to explain the mechanism of action of P-gp in mediating drug resistance. Drug-stimulated ATPase activity of P-gp has been demonstrated in isolated plasma membrane vesicles, 6 reconstituted liposomes, 7 insect cells, 8 and mammalian cells 9 and drug transport has been coupled to ATP hydrolysis. 10, 11 The traditional model for P-gp function was one where P-gp acted as a 'drug pump' to export drugs out of the cell against a concentration gradient. This has been further expanded to the 'flippase' model that attempted to explain how P-gp could remove a range of structurally diverse drugs without an apparent substrate specificity. 12, 13 We and others have demonstrated that functional P-gp can confer resistance to apoptosis induced by diverse nondrug stimuli including Fas and TNF, UVB-and g-irradiation and serum starvation. [14] [15] [16] [17] [18] We showed that P-gp could inhibit the activation of caspases, key proapoptotic enzymes essential for the induction of apoptosis mediated by most chemotherapeutic drugs. 19 Moreover, P-gp has been demonstrated to play a role in protecting primary acute myeloid leukemia cells from spontaneous apoptosis, 20, 21 and may regulate activation-induced apoptosis of primary T lymphocytes. 22 In addition, overexpression of human MDR1 in primary mouse hemopoietic stem cells resulted in expansion of the stem cells in vitro and in vivo, and in the development of a myeloproliferative syndrome in transplanted mice. 23, 24 Taken together, these studies provide evidence for a more general antiapoptotic function for P-gp, however, the molecular events underpinning this proposed function have not yet been carefully assessed.
Active efflux of cytotoxic drugs by P-gp is associated with ATP hydrolysis 10, 11 and single amino-acid substitutions (Lys to Met) within the Walker A nucleotide binding motifs of either or both ATP binding sites is sufficient to eliminate P-gpmediated ATP hydrolysis while still permitting ATP binding. 25 While it has been assumed that the direct link between ATP hydrolysis and drug efflux fully explains the functional effect of P-gp in mediating resistance to chemotherapeutic drugs and other stimuli, this has not been formally assessed and is the basis for the studies described herein.
We have produced human CEM T-cell lymphoma lines expressing GFP (CEM-GFP), GFP and wild-type P-gp (CEM-P-gp WT ), or GFP and a mutant form of P-gp with lysine to methionine mutations within the Walker A motifs at positions 433 and 1076 (CEM-P-gp MM ). As expected, CEM-P-gp WT cells were resistant to death induced by a range of different chemotherapeutic agents, and consistent with previous data, 17 CEM-P-gp WT cells were also resistant to apoptosis following growth factor withdrawal. Disruption of P-gp ATPase activity completely inhibited the ability of CEM-P-gp MM cells to efflux drugs; however, these cells still showed resistance to apoptosis induced by a vast array of apoptotic drugs including P-gp-substrate and -nonsubstrate drugs, and to apoptosis mediated by serum starvation. As we have previously shown, P-gp WT suppressed caspase activation. Importantly, P-gp MM also inhibited drug-induced caspase activation with the degree of inhibition correlating with sensitivity of the cells to apoptosis. Interestingly, drug-treated P-gp MM cells exhibited altered cell cycle progression with accumulation of cells in G2/ M and morphological changes consistent with aberrant mitosis that correlated with a loss in clonogenic potential. These data indicated for the first time that P-gp regulated drug-induced caspase activation and apoptosis in the absence of its efflux function and provided compelling evidence for an efflux-independent antiapoptotic role for P-gp.
Results
Cellular expression of wild-type and mutant P-glycoprotein using retroviral gene transduction
The MSCV retroviral vector was used to coexpress GFP and wild-type or ATPase-mutant P-gp, and cells were selected by flow cytometry. As shown in Figure 1 (top panel), cells transduced with MSCV alone (CEM-GFP), MSCV-MDR1 (CEM-P-gp WT ) and two clones transduced with MSCV-MDR1 K433M/K1076M (CEM-P-gp MM-3 and CEM-P-gp ) were obtained and expressed equivalent levels of intracellular GFP. In addition, CEM-P-gp WT , CEM-P-gp MM-3 and CEM-Pgp MM-32 cells expressed equivalent levels of wild-type and mutant P-gp respectively, while CEM-GFP expressed no detectable P-gp (Figure 1 bottom panel) . All cells were assessed regularly to ensure stable expression of GFP and P-gp. To confirm that the desired form of P-gp was expressed, the regions encoding K433M and K1076M substitutions were amplified by PCR using cDNA obtained from CEM-P-gp WT , CEM-P-gp MM-3 and CEM-P-gp MM-32 cells and sequenced (data not shown). The growth rates of the four cell lines were also assessed and found to be identical (data not shown).
Common P-gp substrates accumulate in CEM-GFP and CEM-P-gp MM cells
It was expected that P-gp WT would be capable of effluxing substrates while P-gp MM would be defective for this function and this was tested by assessing the uptake of the P-gp substrate Rh123 (Figure 2a ). As expected, the CEM-P-gp WT cells exhibited a lower accumulation of Rh123 due to the ability of wild-type P-gp to efflux the substrate from the cells, while CEM-GFP cells were strongly positive for Rh123. Moreover, CEM-P-gp MM cells incubated with Rh123 showed a fluorescence profile indistinguishable from the CEM-GFP cells. Addition of the P-gp reversal agent verapamil resulted in increased Rh123 retention in CEM-P-gp WT cells and had little effect on the CEM-P-gp MM or CEM-GFP cells. While Rh123 efflux has been used successfully to measure the efflux capacity of P-gp, 26, 27 it has been suggested that this assay may not accurately reflect the drug efflux function of Pgp. 28 We, therefore, assessed the accumulation of radiolabeled vinblastine ( 3 H-Vb) in CEM-GFP, CEM-P-gp WT and CEM-P-gp MM cells. As shown in Figure 2b , the accumulation of 3 H-Vb correlated with that seen using Rh123. To determine if there were differences in the rate of drug efflux in CEM-Pgp WT , CEM-P-gp MM and CEM-GFP cells, we performed a drug efflux time course assay by incubating cells with 3 H-Vb and allowing the cells to efflux the radiolabeled drug against a concentration gradient of unlabeled vinblastine. 
CEM-P-gp
WT and CEM-P-gp MM confer resistance to vincristine-induced apoptosis
To determine if ATPase-defective P-gp affected drug-induced apoptosis, we tested CEM-GFP, CEM-P-gp WT , CEM-P-gp MM-3 and CEM-P-gp MM-32 cells for sensitivity to apoptosis induced by the substrate drug vincristine. 10 As expected, assessment of cell death by annexin V staining demonstrated that CEM-GFP cells were sensitive to apoptosis induced by vincristine, while CEM-P-gp WT cells were resistant (Figure 3a) . Unexpectedly, CEM-P-gp MM-3 and CEM-P-gp MM-32 cells were also resistant to vincristine-induced apoptosis, although they were not as resistant as the CEM-P-gp WT cells. These results were confirmed by trypan blue-exclusion assays (data not shown).
Our data showed that mutation of the ATPase sites within P-gp resulted in the accumulation of P-gp substrate compounds within CEM-P-gp MM due to an inability to efflux substrates. However, the results shown in Figure 3a demonstrated that P-gp MM still conferred resistance to vincristine. It was formally possible that while P-gp MM was unable to efflux substrate drugs, it could still bind to and sequester the drug, thereby inhibiting drug-target interaction and affecting drug action. Vincristine is a microtubule-depolymerizing agent that at relatively low concentrations induces the accumulation of cells in the G2/M phase of the cell cycle. 29, 30 To determine if P-gp MM inhibited the ability of vincristine to interact with its molecular targets, we analyzed the effect of low concentrations of vincristine on the cell cycle profile in CEM-GFP, CEM-P-gp WT , CEM-P-gp MM-3 and CEM-P-gp MM-32 cells. Consistent with the finding that vincristine is effectively effluxed by wildtype P-gp, there was little or no effect on the cell cycle profiles of CEM-P-gp WT cells treated with up to 3.0 ng/ml vincristine ( Figure 3b ). However, CEM-GFP and CEM-P-gp MM cells showed an equivalent dose-dependant increase in the percentage of cells in G2/M, indicating that in these cells, exclusion or sequestration of drug was not the mechanism by which P-gp MM inhibited vincristine-induced apoptosis. We next sought to determine whether the inhibition of apoptosis in CEM-P-gp MM-3 and CEM-P-gp MM-32 cells seen in short-term (24 h) assays translated to a long-term increase in cell viability. CEM-GFP, CEM-P-gp WT , and CEM-P-gp MM cells were treated for 4 days with vincristine and apoptosis was assessed. Figure 4a shows that CEM-P-gp MM cells were consistently less sensitive to vincristine-induced apoptosis over the entire time course, compared to CEM-GFP cells. However, unlike CEM-P-gp WT cells, the antiapoptotic effect of mutant P-gp was overcome with time. It is therefore possible that ATPase-mutant P-gp altered the kinetics of vincristineinduced apoptosis but did not completely block it. Alternatively, it is possible that other cell death pathways may not be affected by P-gp MM , ultimately resulting in loss of viability of drug-treated cells expressing this mutant form of P-gp. To further assess the effect of P-gp MM on the long-term growth and survival of vincristine-treated cells, clonogenic assays were performed. Consistent with the data shown above, approximately 60% of CEM-P-gp WT cells retained their clonogenic potential following a 24 h incubation with vincristine (Figure 4b ). However, despite the relative loss in sensitivity of CEM-P-gp MM cells to vincristine-induced apoptosis, their clonogenic potential was severely affected and these cells appeared as sensitive as CEM-GFP cells in this assay.
Clonogenic assays provide a readout for cell growth and/or survival, and our data demonstrated that while P-gp MM enhanced cell viability following short-term treatment with chemotherapeutic drug, the clonogenic potential of CEM-Pgp MM cells was attenuated. This could occur due to the remaining, albeit slower, apoptotic capacity of chemotherapeutic drugs in CEM-P-gp MM cells, by the induction another form of cell death not affected by P-gp MM , and/or the maintenance of drug-mediated cytostatic activity in these cells. It has been previously shown that wild-type P-gp can inhibit radiation-induced apoptosis, yet increased mitotic catastrophe and senescence in radiation-damaged cells. 18 It is unlikely that the loss of clonogenicity of vincristine-treated CEM-P-gp MM cells is due to the induction of senescence as vinca alkaloids are poor inducers of senescence. 31 Moreover, almost all of the vincristine-treated CEM-P-gp MM cells lose their plasma membrane integrity over time (Figure 4a ), indicating that a loss of cell viability, rather than a loss of cell proliferation, is primarily responsible for the loss of clonogenicity. We therefore assessed the possible induction of mitotic catastrophe in vincristinetreated CEM-P-gp MM cells (Figure 4c) . A large proportion of CEM-GFP cells treated with vincristine showed morphological changes such as DNA condensation and cell shrinkage that are characteristic of apoptosis (Figure 4c ii) while drug-treated CEM-P-gp WT cells remained relatively unchanged (Figure 4c vii) . By contrast, a large proportion of vincristine-treated CEM-P-gp MM cells had morphologies characteristic of cells undergoing aberrant mitosis with some cells becoming multinucleated which is consistent with cells undergoing mitotic catastrophe 18, 32 (Figure 4c iv, v). Consistent with our previous data, treatment with vincristine over 24 h induced less apoptosis in CEM-P-gp MM cells compared to CEM-GFP cells; however, P-gp MM did not prevent the changes in mitosis induced by this drug. Quantitation of cells showing apoptotic or multinucleated morphologies confirmed that fewer vincristine-treated CEMPgp MM cells underwent apoptosis and more showed a multinucleated phenotype compared to CEM-GFP cells that predominantly underwent apoptosis (Figure 4d ) These data therefore indicate that P-gp MM can inhibit vincristine-induced apoptosis, but has no effect on the ability of this drug to deregulate mitosis and induce changes characteristic of mitotic catastrophe.
We and others had previously shown that the antiapoptotic activity of P-gp can be considerably reversed using specific anti-P-gp monoclonal antibodies. 14, 33 To test if these antibodies also inhibited the antiapoptotic function of the P-gp ATPase mutant, we preincubated the cells with the anti-P-gp antibodies MRK16 or UIC2 before incubation with vincristine and assessed apoptosis ( Figure 5 ). Both antibodies were able to equivalently bind wild-type and mutant P-gp on CEM-Pgp WT and CEM-P-gp MM cells, respectively ( Figure 1a and data not shown). Preincubation of CEM-GFP or CEM-P-gp MM cells with either UIC2 or MRK 16 had no significant effect on the relative sensitivity of these cells to vincristine-induced apoptosis. In contrast, both antibodies sensitized the CEM-P-gp WT cells to vincristine although the increase in apoptosis only reached levels equivalent to that seen in the CEM-Pgp MM cells and never completely reversed the antiapoptotic effects of P-gp. Collectively, these data suggested that P-gp may have two mechanisms of action, one requiring ATPase activity that was inhibited by anti-P-gp antibodies, and the other occurring in the absence of ATPase activity and not affected by UIC2 or MRK16.
WT and CEM-P-gp MM mediate resistance to a variety of substrate and nonsubstrate apoptotic stimuli
To ensure that resistance to vincristine-induced apoptosis mediated by P-gp MM was not restricted to that particular drug, we assessed the effect of other microtubule-targeting drugs (vinblastine, colchicine), as well as drugs such as doxorubicin and etoposide that target topoisomerase II (Table 1) . These drugs are substrates for P-gp 34, 35 (Figure 2b, c) and as expected, expression of wild-type P-gp conferred resistance to apoptosis, while CEM-GFP cells were sensitive to these drugs. Importantly, CEM-P-gp MM cells showed an intermediate resistance phenotype to apoptosis induced by these diverse cytotoxic agents suggesting a common mechanism of apoptosis resistance mediated by ATPase-defective P-gp.
To separate the drug efflux activity of P-gp from its ATPaseindependent antiapoptotic activity, we determined the relative Figure 5 Specific antibodies cannot reverse vincristine resistance mediated by P-gp MM . Cells were pretreated with either 16 mg/ml UIC2 or 100 mg/ml MRK16 for 1 h and then for 24 h with 50 ng/ml vincristine (Vn). Death was assessed by trypan blue-exclusion assay. Data calculated are the mean7S.E. of quadruplicate samples and are representative of at least three different experiments Cells were treated with drugs for 24 h (except doxorubicin, which was treated for 48 h). Doses used were: vincristine 0-50 ng/ml, vinblastine 0-25 ng/ml, doxorubicin 0-250 ng/ml, colchicine 0-20 ng/ml, etoposide 0-1.0 mg/ml. Analysis was by annexin-V-alexa 568 staining (vincristine, vinblastine, colchicine, etoposide) or trypan counting (doxorubicin). Resistance to drug-induced apoptosis is represented by ++++ while sensitivity is denoted by À. These data are representative of at least three separate experiments Drug resistance by ATPase-defective P-gp KM Tainton et al sensitivity of CEM-GFP, CEM-P-gp WT and CEM-P-gp MM cells to apoptosis induced by idarubicin, which is a poor substrate for wild-type P-gp. 36 As shown in Figure 6a , CEM-GFP cells were highly sensitive to idarubicin-induced apoptosis, while CEM-P-gp WT , CEM-P-gp MM-3 and CEM-P-gp MM-32 cells were significantly less sensitive. Importantly, there was no difference in the relative sensitivity of cells expressing wild type or ATPase mutant P-gp to idarubicin. To further demonstrate this additional efflux-independent mechanism of apoptosis resistance mediated by P-gp, we assessed the effect of serum starvation on these cells. It was previously shown that wildtype P-gp conferred resistance to apoptosis induced by growth factor deprivation 17 and we therefore assessed whether efflux-deficient P-gp affected this function. As shown in Figure 6b , both CEM-P-gp WT and CEM-P-gp MM cells were similarly resistant to apoptosis following growth factor withdrawal. In contrast, CEM-GFP cells were sensitive to death induced by this stimulus. Thus, in circumstances where the drug efflux activity of P-gp was either circumvented (i.e. by idarubicin) or played no role (i.e. factor withdrawal) in regulating apoptosis, both wild type and mutant forms of Pgp conferred significant and similar resistance to apoptosis. These data were consistent with a 'dual activity' model for Pgp-mediated drug resistance whereby both an ATPasedependent drug efflux activity and an efflux-independent activity account for the overall resistance to drug-induced apoptosis.
To ensure that the antiapoptotic effects, we observed in CEM-P-gp WT and CEM-P-gp MM cells were not due to a general resistance to cell death, we treated the cells with stimuli shown previously to kill P-gp-expressing cells. Oxamflatin is a histone deacetylase inhibitor previously shown to induce apoptosis in both P-gp expressing and nonexpressing cells. 37 CEM-P-gp WT , CEM-P-gp MM and CEM-GFP cells were equivalently sensitive to oxamflatininduced apoptosis, indicating that certain drugs were able to mediate death in these cells (Figure 6c) . We have recently reported that P-gp was unable to confer resistance to cell death by pore-forming proteins such as complement, perforin and pneumolysin. 38 CEM-GFP, CEM-P-gp WT , CEM-P-gp MM-3 and CEM-P-gp MM-32 cells were treated with normal rabbit serum as a source of complement and cell lysis was assessed by 51 Cr release (Figure 6d ). Endogenous CEM cell-reactive antibodies within the rabbit serum were shown by flow cytometry to bind equivalently to all four transduced cell lines (data not shown) and enabled activation of the classical complement pathway and the rapid induction of cell lysis. All cell lines were equivalently sensitive to death induced by activated complement while heatinactivated serum had no effect on cell viability. These results suggested that wild type and ATPase-mutant forms of P-gp conferred resistance to cell death induced by specific stimuli, but do not provide nonspecific protection against all cytotoxic or cytolytic stimuli. Expression of P-gp WT and P-gp MM can inhibit components of the apoptotic cascade
We have previously shown that wild-type P-gp inhibited the activation of caspases, important proapoptotic enzymes activated in response to diverse apoptotic stimuli.
14, 15 We therefore tested the effect of wild-type and mutant P-gp on the activation of important executioner caspases with DEVDase activity (i.e. caspase-3, caspase-7) following treatment of cells with vincristine that kills cells via caspases. 15 A fluorogenic substrate specific for DEVDase caspases was used to screen for caspase activity in cell lysates from CEM-GFP, CEM-P-gp WT , CEM-P-gp MM-3 and CEM-P-gp MM-32 cells treated with vincristine. As expected, caspase activation was almost completely blocked in cells expressing wild-type P-gp (Figure 7a ), whereas robust caspase activity was observed in lysates from CEM-GFP cells treated with vincristine. In contrast, caspase activation was significantly attenuated in CEM-P-gp MM-3 and CEM-P-gp MM-32 cells, even though vincristine is not effluxed by ATPase-mutant P-gp ( Figure 2 ). The cleavage of the caspase substrate PARP was also inhibited in vincristine-treated CEM-P-gp MM cells (data not shown).
The intrinsic apoptotic pathway usually mediates activation of caspases following drug treatment. 19 This requires the release of mitochondrial proteins including cytochrome c, Smac/DIABLO and HtrA2 into the cytosol to induce activation of effector caspases such as caspase-3 downstream of mitochondrial membrane perturbation. 19 To determine whether P-gp was affecting cell death upstream or downstream of the mitochondria, we assessed the release of cytochrome c from untreated and vincristine-treated CEM-GFP, CEM-P-gp WT and CEM-P-gp MM cells by Western blotting cytosolic lysates using an anti-cytochrome c antibody (Figure 7b) . Little or no cytosolic cytochrome c was seen in any of the untreated cells and as expected, significant amounts of cytosolic cytochrome c were detected in vincristine-treated CEM-GFP cells, while none was observed in CEM-P-gp WT cells. Consistent with the caspase activation data seen in Figure 7a , and with the apoptosis data observed in Figure 3 , the release of cytochrome c in vincristine-treated CEM-P-gp MM-3 and CEM-P-gp MM-32 cells was significantly less than that observed in CEM-GFP cells and more than that in CEM-P-gp WT cells. Taken together, these data confirmed that ATPase-mutant P-gp conferred resistance to druginduced apoptosis by inhibiting the activation of caspases. The data also showed that mutant P-gp functioned upstream of mitochondrial membrane perturbation, leading to a decrease in the release of cytochrome c and concomitant suppression of caspase activation.
Discussion
Drug resistance induced by P-gp has been primarily linked to its extensively studied drug efflux activity. 39 It is also possible that additional effects of P-gp that suppress apoptosis may augment MDR mediated by P-gp. 40 To functionally discriminate the drug-efflux effects of P-gp from other antiapoptotic effects, we have used a retroviral system to express wild-type P-gp (P-gp WT ) and mutant P-gp incapable of hydrolyzing ATP (P-gp MM ). Our data indicated that although P-gp MM was incapable of effluxing well-characterized substrates, it was capable of suppressing drug-induced release of cytochrome c, caspase activation and apoptosis. While P-gp MM significantly inhibited drug-induced apoptosis in short-term assays, drug-treated CEM-P-gp MM cells ultimately lost their clonogenic potential. This indicates that P-gp MM can significantly alter the kinetics of cell death rather than completely blocking. Alternatively, drugs such as vincristine have been shown to mediate aberrant mitosis resulting in mitotic catastrophe and cell death 31 and P-gp MM did not inhibit the effects of vincristine on mitosis. The loss of clonogenicity in cells expressing mutant P-gp was associated with a large number of multinucleated cells indicative of mitotic catastrophe. Consistent with the data shown herein, drug-induced mitotic catastrophe has been shown to occur in the presence of the caspase inhibitor ZVAD-fmk 32 indicating that this form of cell death does not require the activity of caspases such as caspase-3 which are effectively inhibited by ZVAD-fmk and by P-gp. As clonogenic assays are readouts for either induction of cell death or loss of cell proliferation, the loss of clonogenic potential in drug-treated CEM-P-gp MM cells could reflect either a loss in cell survival through delayed apoptosis, induction of mitotic catastrophe and/or impaired cell growth. Our results are consistent with others showing that P-gp can inhibit drug-induced apoptosis but does not affect other forms of cell death such as mitotic catastrophe. 18 Our data demonstrated for the first time that an ATPasedefective form of P-gp incapable of effluxing substrate drugs still regulated drug-induced cell death. These findings were strengthened by our demonstration that apoptosis induced by idarubicin, a poor substrate for P-gp, 36 was equivalently inhibited in CEM-P-gp WT and CEM-P-gp MM cells. Moreover, P-gp WT and P-gp MM equivalently suppressed apoptosis mediated by growth factor withdrawal, consistent with previous demonstrations that wild-type P-gp provided a survival advantage to cells grown in reduced serum. 17 Taken together, these data indicated that wild-type P-gp affected drug-induced apoptosis through two mechanisms, one mediated by ATP-dependent drug efflux and the other independent of ATPase activity, which may be unmasked by mutation of the Walker A ATPase site or by blocking efflux using antibodies or pharmacological inhibitors.
The specificity of the P-gp MM effect on apoptosis was demonstrated by our finding that CEM-P-gp MM cells were not resistant to all cell death stimuli. Interestingly, oxamflatin, a histone deacetylase inhibitor that we have recently shown can kill P-gp þ ve cells and is fully functional in the presence of the caspase inhibitory compound ZVAD-fmk, 37 equivalently killed CEM-P-gp WT and CEM-P-gp MM cells. In addition, neither Pgp WT nor P-gp MM provided protection against complementmediated cell lysis indicating that cells expressing wild type or mutant P-gp were not generally insensitive to all forms of cell death. We have previously found that wild type, but not ATPase mutant P-gp can inhibit the activation of caspase-8 and subsequent apoptosis following ligation of the Fas death receptor. 41 These data indicated that the apoptosis regulatory effects of P-gp WT and P-gp MM were specific and dependent on the death stimulus that was used. Clearly, P-gp MM suppressed apoptosis mediated by certain stimuli (e.g. vincristine, doxorubicin, growth factor withdrawal), while having little or no effect in response to other stimuli (e.g. oxamflatin, Fas ligation).
It is presently unclear how P-gp affects caspase activation and apoptosis induced by certain stimuli. It has been shown that specific BH3-only proteins are required for apoptosis mediated by the intrinsic apoptotic pathway. For example, cells deficient in Bim are sensitive to death induced by dexamethasone and g-irradiation, yet are insensitive to apoptosis induced by ionomycin, cytokine deprivation or taxol, 42 while Bmf is necessary for apoptosis induced by anoikis. 43 We have previously shown that apoptosis mediated by HDACi such as SAHA and oxamflatin, that are effective against P-gp þ ve cells, is characterized by the activation of Bid. 37, 44, 45 In contrast, Bid played no role in death induced with staurosporine. 45, 46 Future analysis of the effects of wildtype and mutant P-gp on the activation and/or expression of BH3-only Bcl-2 proteins will help delineate if P-gp functionally regulates any of these proapoptotic proteins.
The results presented herein showed that a mutant form of P-gp incapable of effluxing cytotoxic drugs suppressed cytochrome c release, activation of caspases and subsequent apoptosis. These findings have important implications for understanding the molecular events underpinning apoptosis resistance mediated by P-gp and the development of chemotherapeutic drugs capable of circumventing the effects of P-gp. In addition, the data provide insight into the possible physiological function of P-gp, particularly in cells such as hemopoietic stem cells and immune cells where a toxin efflux role is not obvious. We are performing further structurefunction analyses to identify the molecular events necessary and sufficient for this novel efflux-independent function of P-gp.
Materials and Methods
Cell culture CEM-CCRF were grown in RPMI medium 1640 and 293T cells were grown in DMEM supplemented with 10% (v/v) fetal calf serum, 2 mM glutamine (JRH Biosciences, Lenexa, KS), 100 U/ml penicillin and 100 mg/ ml streptomycin (CSL, Parkville, Australia). Vincristine, vinblastine, doxorubicin and etoposide were obtained from the Peter MacCallum Cancer Centre pharmacy. Colchicine was obtained from Sigma (St. Louis, MO, USA) and oxamflatin was kindly provided by Dr. Anthony Dear (Dept of Medicine, Box Hill Hospital, Australia). Naïve rabbit serum was used as a source of complement.
Production of retrovirally transduced cell lines
Production of MSCV-MDR1 (wild type) and MSCV-MDR1 (K433 M, K1076M) has been previously described. 41 These constructs or MSCV alone were transfected into 293T cells with PEQ and RD114 helper viruses by CaPO 4 À precipitation. Packaging cells were assessed by flow cytometry for GFP expression, the viral supernatant added to CEM cells in the presence of 4 mg/ml polybrene (Sigma, St. Louis, MO, USA) and the top 5% of GFP-expressing cells isolated by cell sorting (BD Biosciences FACStar PLUS , North Ryde, Australia). Sorted cells were single cell cloned for stable expression. The cell surface expression of P-gp was assessed using the anti-P-gp monoclonal antibody MRK16 (Kamiya Biochemical, Thousand Oaks, CA, USA). For sequence verification of transduced wildtype and mutant MDR1, RNA was isolated using Trizol (Invitrogen, Carlsbad, CA, USA) and cDNA was made using Expand reverse transcriptase (Roche, Mannheim, Germany). Primers were designed to amplify across each mutation site. Primers for K433M were: (forward) TTGAAGGGTCTGAACCTG and (reverse) TGGTTGCAGGCCTCCATT-TA. Primers for K1076M were: (forward) ATCCCAGTGCTTCAGGGA and (reverse) CCTTATTCCAAGCGGCTT. All were within the MDR1 gene except K1076 reverse, which was within the MSCV vector. PCR was performed using Platinum Pfx polymerase (Invitrogen, Carlsbad, CA, USA). Sequencing was performed using the same primers and the DYEET dye terminator mix (Amersham, Buckinghamshire, UK).
Assessment of efflux function
Cells (5 Â 10 5 ) were incubated in 100 ng/ml Rh123 (Dr. I Bertoncello, Peter MacCallum Cancer Centre) in the presence or absence of 10 mM verapamil (Knoll, Lane Cove, Australia) and incubated at 371C for 20 min. Cells were then pelleted and allowed to efflux without verapamil for a further 2 Â 15 min. The efflux of 3 H-vinblastine was assessed using a modified protocol previously published. 47 Cells (4 Â 10 6 ) were incubated with 25 ng/ml 371C for 1 h, washed, lysed in 0.2 N NaOH at 371C for 1 h and neutralized in 0.2 N HCl. Lysates were then measured in a b-counter and results expressed as a percentage of sample containing 3 H-vinblastine alone. For time-course analysis of 3 H-vinblastine efflux, cells were labeled as above and then pelleted, washed and resuspended in medium with 25 mg/ml unlabeled vinblastine and allowed to efflux against the concentration gradient at 371C, with aliquots taken and lysed as above at time points up to 30 min.
Cytotoxicity and viability assays
Cells were cultured in the presence or absence of cytotoxic stimuli and trypan blue-exclusion assays were performed as previously described. 48 Annexin staining was performed by incubating treated cells in annexin-Valexa 568 (Roche, Mannheim, Germany) according to the manufacturer's instructions and read by flow cytometry. Results were calculated as the percentage of cells that were viable by forward scatter-FL3 profile. Complement treatment of cells and 51 chromium release assays were performed as previously described. 38 P-gp reversal assays were performed by preincubating cells in anti-P-gp monoclonal antibodies (16 mg/ml UIC2 (Immunotech, Marseille, France) or 100 mg/ml MRK16) for 1 h prior to addition of 50 ng/ml vincristine. Samples were then incubated for 24 h at 371C and trypan counted as above. Clonogenic assays and propidium iodide staining for cell cycle analysis cells were performed as previously described. 48, 49 Histological examination of drug-treated cells was performed using hematoxylin and eosin staining of cells adhered to glass slides by slow centrifugation (Cytospin 3, Shandon, UK).
Caspase activity assays
Caspase activity assays were performed using fluorogenic pNA substrates (Biomol, Plymouth Meeting, PA, USA). Cells (2 Â 10 6 ) were treated with drug and then inhibitor-free lysates made using NP40 lysis buffer. 41 A measure of 50 mg of protein at 1 mg/ml was mixed with 50 ml of BAADT buffer (0.1 M HEPES, 0.05 M CaCl 2 ) with or without 0.625 mM pNA and incubated at 371C for up to 2 h, with readings taken at 405 nm on a plate reader.
Cytochrome c release Cells (4 Â 10 5 ) were incubated in 40 ml digitonin lysis buffer (80 mM KCl, 250 mM sucrose, 400 mg/ml digitonin) for 1 min at 41C. 50 Samples were centrifuged at 10 000 Â g for 5 min and the supernatant removed for analysis. Proteins were separated by SDS-PAGE (15%), blotted onto Immobilon-P membrane (Millipore, Bedford, MA, USA) and probed with anticytochrome c antibody 7H8.2C12 (BD Pharmingen, Lane Cove, Australia), followed by secondary labeling with HRP-conjugated antimouse antibody (DAKO, Glostrup, Denmark) and detection using ECL (Amersham, Buckinghamshire, UK).
